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Abstract 9 
 10 
Yttrium doped boehmite nanofibres with varying yttrium content have been 11 
synthessied at low temperatures using a soft-chemistry route in the presence of 12 
polyglycol ether surfactant. The effect of yttrium content, hydrothermal temperature 13 
on the growth of boehmite nanostructures was systematically studied. Nanofibres 14 
were formed in all samples with varying doped Y% treated at 100ºC; large Y(OH)3 15 
crystals were also formed at high yttrium doping. Treated at an elevated temperatures 16 
resulted in a remarkable changes in size and morphology for samples with the same 17 
doped Y content. The resultant nanofibres were characterized by X-ray diffraction 18 
(XRD), transmission electron microscopy (TEM), selected area electron diffraction 19 
(SAED), energy-dispersive X-ray analysis (EDX), N2 adsorption and 20 
thermogravimetric analysis. The detailed characterization and discussion on the Y 21 
doped nanostructures is presented. 22 
 23 
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Introduction 28 
 29 
The synthesis of one dimensional (1D) nanoscale inorganic nanoscale materials with 30 
special properties have long been attracting great attention in material science in the 31 
past few decades due to their distinctive geometries, novel physical and chemical 32 
properties and potential applications in numerous areas [1].  33 
 34 
Alumina (Al2O3) has been widely employed as catalyst [2], adsorbent [3, 4], 35 
composite materials [5, 6] and ceramics [7-9]. Alumina (Al2O3) can be obtained from 36 
AlOOH by a simple dehydration process from a certain temperature. It has been 37 
demonstrated that AlOOH nanostructures undergo an isomorphous transformation to 38 
nanocrystalline alumina during heating [10-12]. Therefore, the morphology and size 39 
of the resultant alumina can be manipulated by controlling the growth of AlOOH. 40 
Boehmite (γ-AlOOH) is an principal aluminum oxyhydroxide, which is used as a 41 
crucial precursor in sol-gel technique for the preparation of many aluminum oxide 42 
materials [13]. Since boehmite nanofibres were first synthesized by Bugosh in 1961 43 
[14], great effort has been devoted to the preparation of nanoscale boehmite materials 44 
under hydrothermal conditions, especially 1D nanostructures, such as nanofibres and 45 
nanotubes in the recent past few years [10-12, 15, 16] 46 
 47 
Material properties are mainly determined by their composition, structure, crystallinity, 48 
size and morphology [17]. Doping is a fundamental approach to modify the properties 49 
of material by intentionally introducing impurities into a material. A successful doping 50 
is determined by three main factors: surface morphology, nanocrystal shape and 51 
surfactants in the growth solution [18]. Recently, considerable work is available on 52 
the optical properties of transition metal ion doped bulk alumina [19-21], while to our 53 
best knowledge, little work has been undertaken on the doping of boehmite 54 
nanostructure. Iron and gallium doped 1D boehmite nanostructures have been 55 
systematically studied in our early work [22, 23]. It was reported that the high 56 
temperature creep deformation of alumina in the catalysis process is related to the 57 
 3
grain boundary diffusion process in polycrystalline alumina [24] and high-temperature 58 
creep in fine-grained alumina can be controlled by doping with small amounts of 59 
rare-earth elements, such as yttrium [25]. Besides, doped with yttrium, the resulting 60 
boehmite/alumina nanostructure may have special optical properties which will enable 61 
it to further industrial applications. In this work, the synthesis of yttrium doped 62 
boehmite nanofibres and the properties of resultant doped boehmite samples have 63 
been systematically investigated. 64 
 65 
Experimental Section 66 
 67 
Preparation Procedures 68 
 69 
The detailed experimental procedure is as follows. A total amount of 0.2 mol 70 
aluminum nitrate and yttrium nitrate were mixed before dissolved in ultra-pure water. 71 
Mixtures with yttrium molar percentage of 1 %, 2%, 3 %, 4%, 5 %, 10% and 20% 72 
were prepared separately and then dissolved in ultra-pure water to form a solution (A) 73 
with a metal ion to H2O molar ratio of 1:100 and heated to 80 ºC. With stirring in 74 
solution A, 5 mol·L-1 NaOH solution was then added dropwise at a constant rate of 5 75 
ml·min-1 to form precipitate. The molar ratio of metal (Al and Y) ion to NaOH was 76 
1:3. After that it was aged for two hours with constant stirring at 80 ºC, the resulting 77 
precipitate was recovered by centrifugation, washed with pure water several times to 78 
remove sodium nitrate. The washed precipitate was then mixed with water and 79 
nonionic polyglycol ether surfactant Tergitol 15-S-7 (C12-14H25-29O (CH2CH2O)7H, 80 
PEO, Aldrich) with average molecular weight of ~508 at a metal: H2O: PEO molar 81 
ratio of 1:16:0.2. The viscous mixture is stirred for one hour at room temperature and 82 
then transferred into an autoclave and kept in oven at 100 ºC for 6 day hydrothermal 83 
treatment. The final product was washed by water and dried in air at 80 ºC. 84 
 85 
To investigate the impact of temperature on the morphology of yttrium doped 86 
boehmite samples, a total amount of 0.3 mol precipitate with yttrium percentage of 87 
 4
5% were prepared via the same synthesis route mentioned above. After wash the 88 
precipitate was mixed with water and PEO with a molar ratio of 1:16:0.2. The viscous 89 
mixture is stirred for one hour at room temperature and divided into three parts then 90 
hydrothermally treated in autoclave at 120, 150 and 180ºC for 6 days, respectively. 91 
The final product was washed by water and dried in air at 80 ºC. 92 
 93 
X-ray diffraction 94 
 95 
XRD analyses were performed on a PANalytical X’Pert PRO X-ray diffractometer 96 
(radius: 240.0 mm).  Incident X-ray radiation was produced from a line focused 97 
PW3373/10 Cu X-ray tube, operating at 45 kV and 35 mA. The incident beam passed 98 
through a 0.04 rad Soller slit, a ½ ° divergence slit, a 15 mm fixed mask and a 1 ° 99 
fixed anti scatter slit.  After interaction with the sample, the diffracted beam was 100 
detected by an X’Celerator RTMS detector fitted to a graphite post diffraction 101 
monochromator. The detector was set in scanning mode, with an active length of 102 
2.022 mm.  Samples were analyzed utilizing Bragg-Brentano geometry over a range 103 
of 3 – 75 ° 2θ with a step size of 0.02 ° 2θ, with each step measured for 200 seconds.   104 
 105 
TEM Analysis 106 
 107 
 A Philips CM 200 transmission electron microscopy (TEM) at 200 kV was used to 108 
investigate the morphology of the boehmite nanofibres. All samples were dispersed in 109 
absolute ethanol solution and then dropped on copper grids coated with carbon film, 110 
dried in an oven at 60 ºC for 10 minutes for TEM studies. 111 
 112 
EDX Analysis 113 
 114 
Energy-dispersive X-ray (EDX) microanalysis using TEM was carried out using an 115 
Oxford Instruments Link ISIS microanalysis system. 116 
 5
 117 
N2 adsorption Analysis   118 
 119 
Surface area analysis based upon nitrogen adsorption/desorption techniques were 120 
analyzed on a micrometrics Tristar 3000 automated gas adsorption analyzer after 121 
sample pretreatment at 110 °C under flowing nitrogen. 122 
 123 
Thermal analysis 124 
 125 
Thermal decomposition of the Y-doped boehmite was carried out in a TA® 126 
Instruments incorporated high-resolution thermogravimetric analyzer (series Q500) in 127 
a flowing nitrogen atmosphere (60cm3/min). Approximately 35 mg of each sample 128 
underwent thermal analysis, with a heating rate of 5°C/min, with resolution of 6 from 129 
25 °C to 1000°C.  With the isothermal, isobaric heating program of the instrument 130 
the furnace temperature was regulated precisely to provide a uniform rate of 131 
decomposition in the main decomposition stage. 132 
 133 
Results and Discussion 134 
 135 
XRD 136 
 137 
After 6 days hydrothermal treatment, all the resulting Y doped samples were 138 
characterized by XRD. Figure 1 show the XRD patterns of samples with varying 139 
doped Y content treated at 100 °C and the samples with 5% doped Y prepared at 120, 140 
150 and 180 ºC. When doped Y percentage ≤ 5%, all samples treated at 100 ºC were 141 
identified as orthorhombic boehmite (γ-AlOOH, JCPDS 00-005-0190). The 142 
characteristic diffraction peaks for boehmite at around 14, 28, 38 and 48 2θ degree 143 
indicated an excellent crystallinity of these samples. The XRD patterns of samples 144 
with 10 and 20% doped Y boehmite suggested that additional phases were formed as 145 
well as boehmite phase. As for samples with 5% doped Y treated at different 146 
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temperatures, all the diffraction peaks for samples treated at 120 and 150ºC can be 147 
assigned to orthorhombic γ-AlOOH; whereas an additional phase together with 148 
boehmite phase was formed for sample treated at relatively high temperature (180ºC). 149 
The additional phases formed in 10% and 20% sample were similar to each other but 150 
very different from that formed in 5% sample treated at 180 ºC. The additional phases 151 
proved difficult to identify through XRD. 152 
 153 
Peak position, FWHM, lattice cell parameters and crystallite sizes for samples with 154 
varying doped Y content after 6 days hydrothermal treatment are shown in Table 1. 155 
Peak position and FWHM at both 020 and 002 varied with the increase in doped Y 156 
percentage. Variation in lattice parameter b was observed whereas lattice parameter c 157 
remains constant with the increase in Y content when taking account of calculation 158 
errors. Crystallite size were calculated from the Debye-Scherrer equation show the 159 
crystallite size along b and c crystallographic directions varied with the increase in 160 
doped Y. It was noticed that sample with 3% doped Y percentage have the largest 161 
calculated crystallite size both along b and c crystallographic directions. 162 
 163 
Table 2 shows the peak position, FWHM, lattice parameters and crystallite size of 164 
samples with 5% doped Y after 6 days hydrothermal treatment at 120, 150 and 180 °C. 165 
With increasing hydrothermal treated temperature from 120 to 180ºC, the 020 peak 166 
position shifted from 13.942 to 14.320 2θ degree and FWHM of 020 peaks decreased 167 
from 2.173 to 1.442 2θ degree. A slightly increase in lattice parameter b and a 168 
remarkable decrease in crystallite size along b crystallographic direction were also 169 
observed. The 002 peak position and its FWHM also varied with changes in 170 
hydrothermal temperature. Lattice parameter c decreased a bit with the increase in 171 
hydrothermal temperature. The crystallite size along c crystallographic direction 172 
increased dramatically when hydrothermal temperature increased from 150 to 180ºC 173 
whereas crystallite size c was similar for sample treated at 120 and 150ºC. Lattice 174 
parameter and crystallite size along b and c directions of sample treated at 120 ºC but 175 
with different hydrothermal duration were also presented to provide more information 176 
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on the growth of boehmite crystals. As shown in Table 2, for samples treated at 120ºC 177 
with 4 and 6 days hydrothermal treatment, lattice parameter b decreased and c 178 
remained constant, which was also observed for Fe and Ga doped boehmite 179 
nanomaterials [22, 26]. It was reported that crystallite size along b crystallographic 180 
directions increased with the increase in hydrothermal time for both Fe and Ga doped 181 
boehmite nanomaterials [22, 26]; whereas crystallite size c for Ga doped boehmite 182 
nanomaterials kept increasing in the first four days and decreased from the day 4 to 183 
the day 6 [26] and no information was presented on the crystallite size c of Fe doped 184 
boehmite nanomaterials. As for Y doped boehmite nanomaterials in this work, there 185 
was a slight rise in crystallite size c but no change was observed on crystallite c when 186 
hydrothermally treated from 4 days to 6 days. 187 
 188 
TEM 189 
 190 
Effect of percentage of dopant on the morphology of boehmite 191 
 192 
The typical TEM images of Y doped boehmite samples prepared at 100ºC after 6 days 193 
hydrothermal treatment with varying Y content are shown in Figure 2. As can be seen 194 
from Figure 2a to 2e, the entire samples with doped Y percentage no more than 5% 195 
were nanofibres. Relatively large crystals together with nanofibres were formed in 10 196 
and 20% Y doped boehmite samples shown in Figure 2f, 2f´ and 2g. Different from Fe 197 
and Ga doped boehmite nanostructures [22, 23], no nanosheets and fine/amorphous 198 
phases were observed at high doped Y percentage. Interestingly, the morphology of 199 
large crystals formed at 10% and 20% Y doped samples is very much different.  200 
 201 
It was noted that the morphology including the average lengths and widths of 202 
nanofibres formed in the low Y doped samples (Y≤3%) was very close. The average 203 
length for the low Y doped samples (Y≤3%) was about 110 nm ranging from 90 to 204 
140 nm, which is very close to the early reported date for pure boehmite nanofibres 205 
via a similar synthesis route [10]. Furthermore, the average width of the resulting 206 
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nanofibres increased with the increase in the doped Y content with a mean value of 207 
2.1, 3.0, 3.3 nm for 1%, 2% and 3% Y doped samples, respectively. Longer nanofibres 208 
with relatively larger width were formed when the doped Y content was above 3%. 209 
The measured average lengths of 4, 5 and 10% samples ranged from 135 to160 nm 210 
with the longest length of about 200 nm. The average widths of 4, 5 and 10% Y doped 211 
samples ranged from 3.5 to 3.9 nm with the increase in the doped Y%. As for 20% Y 212 
doped sample, remarkable longer and larger nanofibres were formed with the average 213 
length and width of 196 and 4.4 nm, respectively.  214 
 215 
In addition, at the high doped Y percentage (Y ≥10%), except for the formation of 216 
nanofibres, square shaped large crystal with an edge length of ~4 μm (Figure 2f´) and 217 
fibre-like large crystal with 3.3 μm in length and 0.7 μm in width (Figure 2g) were 218 
formed in 10% and 20% Y doped samples, respectively, which is in agreement with 219 
the XRD results where additional peaks other than boehmite peaks at around 9.58, 220 
12.18, 14.84, 20.38, 21.12, 23.92 and 42.7 2θ degree were presented in these two 221 
samples. Even though the additional phases are hard to be identified just by the XRD 222 
patterns due to the complication of the patterns, it can be clearly seen in Figure 1 that 223 
nearly all the additional peaks can be observed at the same 2θ degree in XRD patterns 224 
for 10 and 20% samples, indicating a similar phase was formed in both of these two 225 
samples. In order to identify the additional phases, selected area electron diffraction 226 
patterns were taken via TEM where the diffraction patterns were taken directly from 227 
large crystals, namely the suspicious unknown phases. Through this way, the 228 
diffraction of boehmite phase can be largely eliminated. As shown in the insets in 229 
Figure 2f´ and 2g, these two patterns were measured and matched to numerous 230 
yttrium oxide, yttrium hydroxide and yttrium oxyhydroxide structures in the PDF 231 
databases. Because a single crystal can produce dozens of patterns depending on 232 
orientation, the measured data was matched quantitatively in order to determine a best 233 
fit which would also explain the features of the diffraction pattern observed. As for the 234 
pattern of 10% yttrium doped sample shown in Figure 2f´, the initial measurements of 235 
spot distances gave large d-spacings up to 11.99Å, and the pattern did not fit any of 236 
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the known yttrium oxide or oxyhydroxide type structures; but it matched the 237 
monoclinic yttrium hydroxide Y(OH)3 (PDF structure No. 021-1447) with overall fit 238 
factor of 0.977. Compared with patterns from hexagonal yttrium hydroxide, the 239 
pattern of the large crystal in 20% Y doped sample best match the specific monoclinic 240 
Y(OH)3 structure (PDF structure No. 021-1447), which is the same structure as that in 241 
10% sample even though the morphology of these large crystals formed in 10% and 242 
20% Y doped samples are very much different.  243 
 244 
Effect of temperature on the morphology of boehmite 245 
 246 
Based on the studies on the effect of doped Y percentage on the morphology of 247 
resulting boehmite nanostructures, it was noted that 5% is the maximum doped Y 248 
amount to avoid the formation of any additional phases other than boehmite in this 249 
work. It could be assumed that the morphology of 5% Y doped sample could be most 250 
sensitive to the changes in hydrothermal temperature, therefore doped with 5% Y 251 
would be of the best and most interesting to investigated the effect of temperature on 252 
the morphology of boehmite nanostructures. 253 
 254 
To eliminate as many effects that derived from other synthesis parameters as possible, 255 
the exactly same synthesis route was followed except for the variation in 256 
hydrothermal temperature to prepare sample in this experiment. The detailed 257 
experimental procedure was described in the experimental section. Figure 3a, 3b, 3b´, 258 
3c and 3c´ show the typical morphology of 5% Y doped samples after 6 days 259 
hydrothermal treatment at 120, 150 and 180 degrees. An image of pure boehmite 260 
prepared without surfactant at 180 degree and its electron diffraction pattern were also 261 
presented for comparison shown in Figure 3c. All the Y doped samples discussed here 262 
are meant to be samples with 5% Y, unless otherwise specified.  263 
 264 
The entire Y doped sample treated at 100 ºC was nanofibres. However, when treated 265 
at 120ºC, irregular shaped nanosheets as well as nanofibres were formed. The average 266 
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length these nanofibres treated at 120º were 135 nm ranging from 95 to 220 nm which 267 
have little difference from that treated at 100 ºC. Compared with the nanofibres 268 
treated at 100 ºC, the average width of nanofibres treated at 120 ºC increased from 3.5 269 
to 3.8 nm. Interestingly, it was noted that the average width of samples treated at 100 270 
and 120 ºC were very close to the calculated crystallite size along b crystallographic 271 
direction shown in Table 1 and 2, which indicating the favourite growing direction of 272 
boehmite crystals under the hydrothermal conditions in this study. When the 273 
hydrothermal temperature increased to 150 ºC, nanofibres, nanosheets and nanorods 274 
were formed. The amount of nanofibres formed in sample treated at 150 ºC which 275 
look very similar to Figure 3a was much less than that in sample treated at 120 ºC but 276 
the overall size was remarkable larger with ~240 nm in average length ranging from 277 
180 to 353 nm and ~4.5 nm in average width ranging from 3.3 to 5.3 nm. Different 278 
from the sheets formed at 120 ºC, It was observed throughout the entire sample that 279 
most of nanosheets formed at 150 ºC had clearly favourite growing direction and 280 
bevelled ends. In addition, a small amount of relatively large nanorods with an 281 
average length of 630 nm ranging from 560 to 700 nm and width of 29.7 nm ranging 282 
from 26 to 33 nm were formed which may contribute to the additional diffraction 283 
peaks in the XRD pattern shown in Figure 1. Nanofibres, nanosheets and larger square 284 
shaped crystals were observed in Y doped sample treated at 180 ºC. Surprisingly, no 285 
larger nanofibres were observed and the nanofibres formed have quite shorter length 286 
with an average length of about 106 nm ranging from 66 to 137 nm but a bit larger 287 
width of about 4.8 nm in average ranging from 4.0 to 5.6 nm. As can be seen, the 288 
morphology of nanosheets formed in sample treated at 180 ºC was very much 289 
different from that formed in the other samples, especially the size. The morphology 290 
of large crystals formed in sample treated at 180ºC were similar as that formed in 10% 291 
Y doped sample treated at low temperature of 100ºC. The lengths of the large crystals 292 
were about 6.5 and 5.8 μm which is remarkably larger than that formed in 10% Y 293 
doped sample treated at 100 ºC. As can be seen in Figure 3c´, the small area electron 294 
diffraction pattern of large crystal formed in 180ºC treated sample seems to have two 295 
patterns overlapping. The main pattern best fitted a cubic form of Y2O3 and the fainter 296 
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pattern is most consistent with a monoclinic Y(OH)3 indicating the large crystal may 297 
contain both yttrium hydroxide and oxide phases, the Y.O3 presumably resulting from 298 
the breakdown of the hydroxide. 299 
 300 
The growth of pure boehmite nanostructures at high temperature (≥180 ºC) has been 301 
studied by some peer researchers via hydrothermal synthesis routes[11, 27, 28]. Gao 302 
et al.[28] reported the formation of large single crystal nanobelts when treated at 180 303 
ºC using surfactant bis(2-ethylhexyl)sulfosuccinate (AOT). Shen et al.[27] prepared 304 
boehmite nanorods with lengths ranging from 100 to 400 nm and diameters ranging 305 
from 20 to 30 nm by steaming the solid wet gel at 200 °C for 48 h without any 306 
surfactant using Al(NO3)3 and NH4NO3 as starting materials. It was noted from the 307 
above early studies that the formation of relatively large nanostructures was preferable 308 
at high temperatures with and without surfactant. However, small slit-like rings and 309 
wide porous laths were observed in samples treated at 150 and 200 ºC using surfactant 310 
PEO, respectively by Zhu et al’s [11], where the same surfactant PEO and a similar 311 
synthesis route was employed as this work. It indicated that the type of surfactant also 312 
play an important role in the formation of boehmite nanostructures at high 313 
temperature. To further investigate the effect of yttrium on the morphology of 314 
boehmite nanostructures at high temperature, here we simple prepared the pure 315 
boehmite precipitate sol which has been aged for two hours without seal; then directly 316 
transferred into autoclave with no PEO surfactant and kept in oven at 180°C for 2 317 
days. The typical morphology of the resulting pure boehmite sample is shown in 318 
Figure 3d. It was noted that even though the synthesis route and starting materials 319 
were different from Shen et al.’s work[27], the resulting boehmite nanostructures 320 
possess a very similar morphology. The main difference in the synthesis procedure 321 
between this work and Shen et al.’s work is that no centrifugation in this work and no 322 
extra water were provided which was used as a source for water steam in Shen et al.’s 323 
work. This result suggested that the presence of water is necessary for the growth of 324 
boehmite nanostructures but the creation of extra water steam would not do any help 325 
to the formation of nanorods. To achieve nanorods with morphology as shown in 326 
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Figure 3d, our synthesis route is much simpler and easy performing compared with 327 
that in Shen et al’s work. The Nanofibres prepared in this work shown in Figure 3d 328 
have an average length of 160 nm and width of 14 nm. The sharp ends of the resultant 329 
nanofibres indicated a fast growing process. The small area electron diffraction 330 
pattern shown in Figure 3d indicated the excellent crystallinity of the resultant pure 331 
boehmite nanorods. In summary, under the certain hydrothermal condition at high 332 
temperature, the present of PEO surfactant and yttrium remarkably affect the growth 333 
of boehmite nanostructures which lead to heterogeneous morphologies. 334 
 335 
EDX analysis  336 
 337 
Energy dispersive X-ray microanalysis were also undertaken to characterize the 338 
resulting Y doped boehmite samples. Average values were calculated from at least 339 
five times measurements for each sample. All the values discussed are mean to be 340 
average values unless otherwise specified. It was noted that the more doped Y %, the 341 
more Y content in boehmite samples for example, the average Y% in Y doped 342 
boehmite nanofibres for 2, 4, 5, 10 and 20 % sample is 0.17, 1.90, 2.29, 5.97 and 343 
7.31%, respectively. When the doped Y≤10%, there was almost a linear relationship 344 
between the added Y% and actual Y% (Y=0.7153X-1.1729; R2=0.9964); whereas at 345 
high Y doped percentage, the actual Y% was much less than that calculated by the 346 
above equation. EDX analysis for the large crystals formed in the 10 and 20% sample 347 
showed Y accounted for 94.67% and 91.15% of the total metal element, respectively. 348 
The molar ratio of O to Y for the large crystals in 10 and 20% sample was very close 349 
to 3.0 which supported the results from SAED that the large crystals are of a yttrium 350 
hydroxide phase in both 10 and 20% samples. It as also noted that there is a clear 351 
increase tread in the actual Y% in 5% Y doped samples treated at elevated 352 
temperatures. The average actual Y% in samples treated at 100, 120, 150, 180ºC was 353 
2.29, 2.43, 2.77 and 2.92%. Less Y% of 2.33% in those large nanosheets formed in 354 
180ºC treated sample was observed. The large crystals formed in samples treated at  355 
150 and 180 ºC contented about 86.40% of Y. The molar ratio of O to Y for these 356 
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large crystals was about 1.8 which is between 1.5 (Y2O3) and 3.0 (Y(OH)3) indicating 357 
a similar result as that from SAED that it could be a combination of yttrium oxide and 358 
yttrium hydroxide. 359 
 360 
N2 adsorption/adsorption 361 
 362 
Nitrogen adsorption/desorption studies, t-plot analysis, and cumulative pore volume 363 
and pore size distribution studies were performed to measure the surface areas and 364 
porosities of the resulting Y doped boehmite samples. Table 1 summarizes the specific 365 
surface area, pore volume and pore diameter for the Y doped boehmite samples after 6 366 
days hydrothermal treatment at 100ºC. As shown in Table 3, Y doped boehmite 367 
samples have remarkably larger BET surface area and pore volume when doped 368 
Y≤10%. In general, the BET surface area of Y doped samples increased with the 369 
increase in doped Y percentage at low Y% and 5% Y dope sample has the largest BET 370 
surface area among all the resultant samples. There was a gradually increase in pore 371 
volume in the doped Y% from 0 to 10% from 0.439 to 0.776 cm3·g-1. Remarkable 372 
small BET surface area and pore volume were observed for 20% Y doped sample. 373 
Both BET and Barrett-Joyner-Halenda (BJH) mean pore diameters were measured. 374 
Compared to undoped boehmite sample, Y doped boehmite samples have much 375 
smaller mean pore diameter. As for Y doped samples, the largest mean pore diameter 376 
both by BET and BJH were observed in 10% Y doped sample. 377 
 378 
Figure 4 shows the N2 adsorption-desorption isotherms for Y doped sample with 379 
varying Y content after 6 days hydrothermal treatment at 100ºC, providing 380 
information on the mesoporous and microporous property of the resultant samples. It 381 
was reported that adsorption strongly depends on the porosity of solids [29]. It can be 382 
seen in Figure 4 that there is a gradual changes in the shape of N2 383 
adsorption-desorption curves when the doped Y % was in the range of 1 to 10% 384 
indicating the difference in texture or porosity. Samples with doped Y % ≤ 3% 385 
exhibited a similar adsorption capacity ~250 cm3·g-1 STP; samples with doped Y% 386 
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ranging from 4 to 10% exhibited a remarkably higher adsorption capacity increasing 387 
from ~410 to 500 cm3·g-1 STP; whereas the adsorption capacity dropped significantly 388 
to ~230 cm3·g-1 STP when the doped Y increase to 20%. The increase in adsorption 389 
capacity with the increase in doped Y percentage trend can be clear seen in Figure 4 390 
when the doped Y ≤10%.  391 
 392 
It was noted that the adsorption-desorption curves for samples with doped Y 393 
percentage in the range of 1~3% exhibit a similar shape which is a bit different from 394 
that of Y doped samples with doped Y percentage in the range of 4~10%. Capillary 395 
condensation causes the phenomenon of adsorption hysteresis where it was assumed 396 
that an adsorbed monolayer had previously formed within the pore walls before 397 
capillary condensation occurred. Hysteresis effects result when the adsorbed layer 398 
interacts strongly with the sample surface and a lag in desorption is observed [30]. 399 
The shape of the N2 adsorption-desorption curves shown in Figure 4 indicated 400 
capillary condensation occurred in all the Y doped samples with Y percentage up to 401 
20% but at different extent. The BET isotherm result indicated that isotherms of the 402 
hydrothermal treated samples with doped Y content in the range of 1 to 3% displayed 403 
a similar stronger hysteresis effects than samples doped with more than 3% Y, which 404 
exhibited a moderate hysteresis effects. Both the strong and moderate hysteresis 405 
effects indicated that capillary condensation predominated in these samples; therefore, 406 
indicating the presence of well formed cylindrical pores in these samples. Based on 407 
the new classification of hysteresis loops recommended in IUPAC manual, the 408 
isotherms for all these Y doped boehmite samples after hydrothermal treatment 409 
exhibited type H3 hysteresis loops that reflected the presence of micropores and 410 
mesopores [29]. It was reported that the type H3 loop is often associated with slit-like 411 
pores as a result of the aggregates of plate-like particles [31], which was in agreement 412 
with TEM results that nanofibre clusters were observed throughout the entire samples 413 
and nanosheets were formed in some of high Y doped samples.  414 
 415 
t-plot analysis were undertaken to provide more information on the mesoporous and 416 
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microporous property of  the resultant Y doped samples. Figure 5 shows the t-plots 417 
of all the Y doped samples with 6 days hydrothermal treatment at 100ºC. t-plot 418 
analysis reveals much more information regarding the pore structure. For microporous 419 
materials, the t-plot is characteristic with two linear regions, the first region being 420 
associated with micropore filling and monolayer coverage, whereas the second region 421 
represents layer-by-layer adsorption in the mesopores [32]. The linearity portion of 422 
t-plot indicates the micropores property while the remaining portion at higher 423 
thickness region corresponds to slit shaped pores between the layers of boehmite [33]. 424 
As shown in Figure 5, Y doped boehmite samples with Y%≤10% exhibited 425 
remarkable larger both in microporosity and mesoporosity when compared with pure 426 
boehmite samples; whereas the 20% Y doped sample has slightly higher  427 
microporosity but much lower mesoporosity than that of pure boehmite samples. The 428 
lowest mesoporosity may due to the formation of remarkably large nanofibres in 20% 429 
Y doped sample. It can be clearly seen that both microporosity and mesoporosity 430 
gradually increased with the increase in the doped Y percentage when the Y%≤4%, 431 
The increase in the microporosity continued but a slightly drop in mesoporosity 432 
occurred when the doped Y percentage increased to 5%; both microporosity and 433 
mesoporosity remarkably decreased when the doped Y percentage went up 10 and 434 
20% which may due to the formation of large crystals.  435 
 436 
The effect of dopant and the percentage of Y doping on the pore size distribution of 437 
resultant samples were investigated and reported in Figure 6. The pore size 438 
distribution of pure boehmite sample concentrated in the range of 1.4 ~ 8.0 nm in 439 
radius with a sharp peak at around 1.8 nm showing a pore volume of 0.235 440 
cm3·g-1STP indicating a considerable number of mesopores with diameter of ~3.6 nm 441 
were presented. A broad peak in the range of about 3.5~6.5 nm in radius with a pore 442 
volume of 0.078 cm3·g-1STP was also presented for pure boehmite sample showing 443 
the mesoporous property. It was noted that the pore size distribution of samples with 444 
low Y content (Y% ≤ 3%) concentrated in the range of 1.5~5.0 nm in radius with two 445 
sharp peaks at about 1.8 and 3.7 nm. The overall pore size distribution curves for the 446 
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low Y doped boehmite samples (Y% ≤ 3%) were similar except for the changes in 447 
relative intensity of pore volume of two sharp peaks at mesoporous region. Figure 6 e 448 
and 6f show the pore size distribution of 4% and 5% Y doped boehmite samples. 449 
Different from low Y doped sample, only one sharp peak at round 1.8 nm was 450 
observed for both 4 and 5% Y doped sample with a pore volume of around 0.225 and 451 
0.280 cm3·g-1STP respectively. As for 4 and 5% Y doped sample, the broad peak in the 452 
range of 2~8 rather than a sharp peak in this region may indicate the uniformity in 453 
size and morphology of the resultant samples is better than that of low Y doped 454 
boehmite samples, which can be clearly seen in Figure 2a, 2b, 2c, 2e and 2f. The pore 455 
size distribution curves for 10 and 20% Y doped samples are shown in Figure 6g and 456 
6h. a very strong sharp peak at ~1.8 nm in radius with a pore volume of about 0.470 457 
cm3·g-1STP was presented for 10% sample the remaining part of the pore size 458 
distribution curve is very much broad with low pore volume in the range of 0.030 459 
~0.070 cm3·g-1STP indicating the size of the majority of the pores in 10% sample are 460 
around 3.0 ~4.0 in diameter with is very close to the average width of nanofibres in 461 
the sample. As can be seen in figure 6g for 20% Y doped sample, except for a sharp 462 
peak at around 1.8 nm in radius, a broad peak in a range of 2 ~ 6 nm with a small 463 
sharp peak at ~3.2 in radius was also observed.  464 
 465 
Thermogravimetric analysis 466 
 467 
  In many instances, even though the technique of thermogravimetric analysis 468 
is a bulk technique, much information on the characterization of the nanomaterials can 469 
be obtained. If the nanomaterial is phase pure then the TG/DTG analysis is of that 470 
nanomaterial.  The results of the TG/DTG analyses are reported in Table 1S 471 
(supplementary information).  The TG and DTG patterns of 1% Y doped boehmite 472 
are displayed in Figure 7. A strongly asymmetric peak at 356°C is attributed to the 473 
dehydroxylation of the boehmite. 17.85% of the total mass is lost at this temperature. 474 
The theoretical mass loss is around 14.16%. The mass loss step at 43°C of 2.99% is 475 
attributed to a dehydration step. It is interesting that the boehmite is decomposing 476 
 17
over a wide temperature range from 180°C through to 500°C. As the % of yttrium 477 
doping increases the shape of the DTG curve changes and the asymmetric of the 478 
dehydroxylation mass step is increased (Figure 1S). The DTG peak may be resolved 479 
into component peaks at 266, 319 and 343°C. Over this wide temperature range a 480 
mass loss of 18.49% is observed. For the 3% Y doped boehmite an additional peak is 481 
observed at 302°C (Figure 2S). The % mass loss is 17.59% over the temperature 482 
range 200 to 500°C. For the 4 and 5% yttrium doped boehmite the thermal analysis 483 
patterns remain similar (Figures 3 and 4S).   484 
 485 
 For the 10% doped boehmite, a broad peak at around 331°C is observed and is 486 
attributed to the dehydroxylation of the boehmite (Figure 9). In addition the peak, first 487 
observed in the 3% doped boehmite, is observed at 251°C. This peak is attributed to a 488 
second boehmite nanophase. It is proposed that the boehmite nanomaterials 489 
decompose at different temperatures. In other words the different phases have 490 
different thermal stabilities.  For the 20% doped boehmite (Figure 9), the peak at 491 
246°C shows an increased mass loss of 10.5% corresponding to the nanofibres 492 
decomposition.  493 
 494 
Conclusions 495 
 496 
The synthesis of  Y doped boehmite nanofibres with doped Y content up to 20% 497 
were systematically studied under varying hydrothermal conditions in the presence of 498 
PEO surfactant. This study provides a comprehensive and in depth fundamental 499 
understanding on the growth of Y doped boehmite nanostructures. Morphology, size 500 
and surface properties changes of the resulting nanostructures prepared under varying 501 
conditions were especially discussed which is valuable for future studies on the 502 
manipulation and control of  properties and application of boehmite/alumina 503 
nanostructures. 504 
  505 
In this work, Y doped nanofibres with length and width ranging from 90 to 275 nm 506 
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and from 1.7 to 5.4 nm were prepared. All samples were proved to be nanofibres at 507 
low doped Y%. Yttrium hydroxide large crystals coexisted with nanofibres at high 508 
doped Y%. For low Y doped sample, a slight increase in hydrothermal temperature led 509 
to the formation of longer nanofibres; however, Y rich phase was formed at much 510 
higher temperature indicating the higher temperature the lower substitution in 511 
boehmite. Interestingly, the large crystals formed in 180 ºC was of a combination of 512 
Y(OH)3 and Y2O3 phase where the Y2O3 phase may result from the breakdown of the 513 
hydroxide.  514 
 515 
Pure boehmite nanorods were formed in the absence of surfactant at 180ºC together in 516 
harmony with some early studies [10, 11, 27, 28] showing the effect of dopant and 517 
surfactant on the morphology of resultant boehmite. This result suggested that the 518 
presence of water is necessary for the growth of boehmite nanostructures but the use 519 
of steam reported in an early study [27] would not help in the formation of nanorods. 520 
 521 
BET surface area, pore volume of Y doped boehmite samples were remarkable larger 522 
than that of pure boehmite whereas the mean pore diameter of doped sample were 523 
much smaller than that of pure boehmite sample when doped Y%≤10%. Remarkable 524 
small BET surface area and pore volume were observed for 20% Y doped sample. The 525 
N2 adsorption/desorption isotherms show that the adsorption capacity increase with 526 
the increase in the dope Y percentage when doped Y%≤10%. When compared to pure 527 
boehmite, samples with the doped Y≤10% exhibited remarkable larger microporosity 528 
and mesoporosity. The 20% Y doped sample has the lowest mesoporosity and 529 
microporosity due to formation of relatively larger nanofibres and a large amount of 530 
large yttrium hydroxide crystals. A sharp peak at around 1.8 nm in radius was 531 
observed for all the resultant doped and un-doped samples indicating a large amount 532 
of pores with average diameter of ~3.6 nm which is close to the width of nanofibres 533 
were presented in these samples. The increase in the doped yttrium percentage 534 
resulted in the changes in the shape of the DTG curve and the increase in the 535 
asymmetric of the dehydroxylation mass step. The BET surface analysis and TG 536 
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results will be valuable to future studies on the exploration of new boehmite/alumina 537 
based advanced catalysts and adsorbents. 538 
 539 
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Table 1.  650 
 651 
Peak position, FWHM, lattice parameters and crystal sizes of samples with varying Y 652 
content after 6 days hydrothermal treatment at 100 °C. 653 
Added  
Y % hkl 
Peak 
position 
(2θ/degree) 
FWHM 
(2θ/degree) 
Lattice 
parameter 
(Å) 
Crystal 
size 
(nm) 
020 13.820 2.222 12.81 3.6 1% 
002 49.120 0.672 3.71 13.0 
020 13.970 2.180 12.67 3.7 2% 
002 49.178 0.894 3.70 9.8 
020 13.990 1.998 12.65 4.0 3% 
002 49.157 0.624 3.70 14.0 
020 13.754 2.400 12.87 3.3 4% 
002 49.192 0.726 3.70 12.0 
020 13.795 2.386 12.83 3.4 5% 
002 49.160 0.658 3.70 13.3 
020 13.816 2.551 12.81 3.1 10% 
002 49.115 0.883 3.71 9.9 
 654 
 655 
 656 
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Table 2.  657 
 658 
Peak position, FWHM, lattice parameters and crystal sizes of samples with 5% added 659 
Y content after 6 days hydrothermal treatment at 120, 150 and 180 °C. 660 
Treated 
temperature 
(ºC) 
hkl 
Peak 
position 
(2θ/degree) 
FWHM 
(2θ/degree) 
Lattice 
parameter 
(Å) 
Crystal 
size 
(nm) 
020 13.914 2.147 12.72 3.9 120a 
002 49.286 0.937 3.70 10.1 
020 13.942 2.173 12.69 3.9 120 
002 49.249 0.879 3.70 10.8 
020 13.980 1.917 12.66 4.4 150 
002 49.328 0.924 3.69 10.3 
020 14.320 1.442 12.36 5.9 180 
002 49.315 0.623 3.69 15.9 
 661 
a: 4 days hydrothermal treatment at 120°C. 662 
 663 
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Table 3 664 
BET specific surface area (SBET), pore volume (VP) and pore diameter for samples 665 
with varying Y content after 6 days hydrothermal treatment at 100 °C. 666 
Added Y content 
% 
SBET 
m2·g-1 
VPa 
cm3·g-1 
Mean D  
nm 
   BETb BJHc 
0 118.6 0.418 14.2 7.4 
1 247.8 0.439 7.2 6.0 
2 281.3 0.458 6.6 5.5 
3 260.2 0.482 7.5 6.0 
4 275.3 0.677 9.9 7.5 
5 290.2 0.637 8.9 7.0 
10 228.5 0.776 13.6 9.6 
20 156.6 0.359 9.2 7.4 
 667 
a: BJH adsorption cumulative pore volume of pores between 0.850000 and 668 
150.000000 nm radius;  669 
b: adsorption average pore diameter (4V/A by BET); 670 
c: Barrett-Joyner-Halenda (BJH) desorption average pore diameter (4V/A); 671 
 672 
 673 
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 674 
 675 
Figure 1 XRD patterns for samples with different added yttrium contents after 6 676 
days hydrothermal treatment at 100 ºC and samples with 5% of added yttrium 677 
after 6 days hydrothermal treatment at varying temperatures. 678 
 679 
 680 
 681 
 682 
 683 
 684 
 685 
 686 
 687 
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 688 
 689 
 690 
 691 
 692 
Figure 2 TEM images showing the typical morphology of samples with different 693 
yttrium contents after six days hydrothermal treatment at 100ºC: a) 1%; b) 2%; 694 
c) 3%; d) 4%; e) 5%; f) and f ') 10%, electron diffraction pattern (inset in image 695 
f´) for the large crystal in image f´; g) 20%, electron diffraction pattern (inset) 696 
for the large crystal in image g. 697 
 698 
 699 
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 700 
 701 
Figure 3 TEM images of samples with 5% added yttrium after 6 days 702 
hydrothermal treatment at a) 120ºC; b) and b´) 150 ºC; c) and c´) 180 ºC; d) 703 
un-doped sample hydrothermally treated for 2 days at 180 ºC without surfactant.  704 
 705 
 706 
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 707 
Figure 4 N2 adsorpton/ desorption isotherms for samples with an added Y 708 
percentage of 1, 2, 3, 4, 5, 10 and 20% after 6 days hydrothermal treatment at 709 
100 ºC. 710 
 711 
 30
 712 
Figure 5 t-plot of Y doped boehmite samples with varying Y percentage after 6 713 
days hydrothermal treatment 714 
 31
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 715 
Figure 6 Pore size distribution for Y doped boehmite samples with varying Y 716 
content after 6 days hydrothermal treatment. A) 0%; B) 1%; C) 2%; D) 3%; E) 717 
4%; F) 5%; G) 10%; H) 20%. 718 
 719 
 720 
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 721 
 722 
 723 
 724 
Figure 7 TGA result for 1% Y-doped boehmite nanofibres with 6 days of 725 
hydrothermal treatment at 100 °C 726 
 727 
 728 
 729 
Figure 12 TGA result for 10% Y-doped boehmite nanomaterials with 6 days of 730 
hydrothermal treatment at 100 °C. 731 
 732 
 34
 733 
 734 
 735 
Figure 13 TGA result for 20% Y-doped boehmite nanomaterials with 6 days of 736 
hydrothermal treatment at 100 °C. 737 
 738 
 739 
